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Why Going Nonlinear?

Future LSS measurements will reach 1% precision

linear

nonlinear



Nonlinear Predictions

Fast 
Versatile 
Accurate



The Halo Model

Cooray & Sheth 2002

• halo mass function 
• virial overdensity 
• halo concentrations

(quasi)linear PT

P (k) = P2h(k) + P1h(k)
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The Halo Model

Massara et al. 2014
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Halo Model Reactions

ΛCDM cosmology with ICs adjusted to 
match 

real beyond-ΛCDM cosmology Plin(k,z0)

1) Pseudo cosmology



Halo Model Reactions
2) Reaction

R(k, z) ⌘ P real
NL (k, z)

P pseudo
NL (k, z)

=
P real
2h (k, z) + P real

1h (k, z)

P pseudo
2h (k, z) + P pseudo

1h (k, z)
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Halo Model Reactions
2) Reaction

large scales small scales

R ⇡ P real
1h (k, z)

P pseudo
1h (k, z)
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R(k, z) ⌘ P real
NL (k, z)

P pseudo
NL (k, z)

=
P real
2h (k, z) + P real

1h (k, z)

P pseudo
2h (k, z) + P pseudo

1h (k, z)
<latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit><latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit><latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit><latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit>

intermediate scales
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vir /n
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0.01 0.1 1 10k [hMpc�1]
<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>
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<latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit><latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit><latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit><latexit sha1_base64="eJhBD0xIP2Ng59fyfi4RVunhWQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSBF24KLhxWcU+oA1lMp20QyeTMDMp1NA/ceNCEbf+iTv/xkmbhbYeGDiccy/3zPFjzpR2nG+rsLa+sblV3C7t7O7tH9iHRy0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++PbzG9PqFQsEo96GlMvxEPBAkawNlLftnsh1iOCefowq4wvns77dtmpOnOgVeLmpAw5Gn37qzeISBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovnSefoTOjDFAQSfOERnP190aKQ6WmoW8ms5xq2cvE/7xuooNrL2UiTjQVZHEoSDjSEcpqQAMmKdF8aggmkpmsiIywxESbskqmBHf5y6ukVau6TtW9vyzXb/I6inACp1ABF66gDnfQgCYQmMAzvMKblVov1rv1sRgtWPnOMfyB9fkD6v2TJw==</latexit>



Halo Model Reactions
3) Power spectrum

P real
NL (k, z) = R(k, z)⇥ P pseudo

NL (k, z)
<latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit>

0.01 0.1 1 10k [hMpc�1]
<latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit><latexit sha1_base64="GIrLrks1yl8AflvzeV2lWVkImRE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXGhJRNCFi4IbN0IF+4Aklsl00g6dmYSZiVBiFv6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHCqNKO822VFhaXllfKq5W19Y3NLXt7p6XiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLwa++0HIhWNxZ0eJSTgqC9oRDHSRurae0PoH0NvkPmSw5sE5/fZiZsHXbvq1JwJ4DxxC1IFBRpd+8vvxTjlRGjMkFKe6yQ6yJDUFDOSV/xUkQThIeoTz1CBOFFBNrk/h4dG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T/PS3V0EWRUJKkmAk8XRSmDOobjMGCPSoI1GxmCsKTmVogHSCKsTWQVE4I7+/I8aZ3WXKfm3p5V65dFHGWwDw7AEXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9pasoqZXfAH1ucPUAKU+w==</latexit>
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<latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit><latexit sha1_base64="Kfv6ztCNv9uVmUDMtlk3PrSbsrU=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREBD14KHjxIFLBfkAbwma7aZfuJmF3I7Shv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3SvZ+wdNFaeS0AaJeSzbAVaUs4g2NNOcthNJsQg4bQXDm6nfeqJSsTh61KOEegL3IxYygrWRfLtU97OuFOj+blIZno1PfbvsVJ0Z0DJxc1KGHHXf/ur2YpIKGmnCsVId10m0l2GpGeF0UuymiiaYDHGfdgyNsKDKy2aHT9CJUXoojKWpSKOZ+nsiw0KpkQhMp8B6oBa9qfif10l1eOVlLEpSTSMyXxSmHOkYTVNAPSYp0XxkCCaSmVsRGWCJiTZZFU0I7uLLy6R5XnWdqvtwUa5d53EU4AiOoQIuXEINbqEODSCQwjO8wps1tl6sd+tj3rpi5TOH8AfW5w9iPpI5</latexit>

P real
NL

<latexit sha1_base64="/2AxXDeAIWCC3lJQlNlwCAgRItg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi5cFNy4EKlgH9DGMJlO2qEzSZiZCCUE/BU3LhRx63e482+cpl1o64GBwzn3cO+cIOFMacf5tkpLyyura+X1ysbm1vaOvbvXUnEqCW2SmMeyE2BFOYtoUzPNaSeRFIuA03Ywupr47UcqFYujez1OqCfwIGIhI1gbybcPGn7WkwLd3uQPBTFhnvt21ak5BdAicWekCjM0fPur149JKmikCcdKdV0n0V6GpWaE07zSSxVNMBnhAe0aGmFBlZcV5+fo2Ch9FMbSvEijQv2dyLBQaiwCMymwHqp5byL+53VTHV54GYuSVNOITBeFKUc6RpMuUJ9JSjQfG4KJZOZWRIZYYqJNYxVTgjv/5UXSOq25Ts29O6vWL2d1lOEQjuAEXDiHOlxDA5pAIINneIU368l6sd6tj+loyZpl9uEPrM8f4fKVaA==</latexit><latexit sha1_base64="/2AxXDeAIWCC3lJQlNlwCAgRItg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi5cFNy4EKlgH9DGMJlO2qEzSZiZCCUE/BU3LhRx63e482+cpl1o64GBwzn3cO+cIOFMacf5tkpLyyura+X1ysbm1vaOvbvXUnEqCW2SmMeyE2BFOYtoUzPNaSeRFIuA03Ywupr47UcqFYujez1OqCfwIGIhI1gbybcPGn7WkwLd3uQPBTFhnvt21ak5BdAicWekCjM0fPur149JKmikCcdKdV0n0V6GpWaE07zSSxVNMBnhAe0aGmFBlZcV5+fo2Ch9FMbSvEijQv2dyLBQaiwCMymwHqp5byL+53VTHV54GYuSVNOITBeFKUc6RpMuUJ9JSjQfG4KJZOZWRIZYYqJNYxVTgjv/5UXSOq25Ts29O6vWL2d1lOEQjuAEXDiHOlxDA5pAIINneIU368l6sd6tj+loyZpl9uEPrM8f4fKVaA==</latexit><latexit sha1_base64="/2AxXDeAIWCC3lJQlNlwCAgRItg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi5cFNy4EKlgH9DGMJlO2qEzSZiZCCUE/BU3LhRx63e482+cpl1o64GBwzn3cO+cIOFMacf5tkpLyyura+X1ysbm1vaOvbvXUnEqCW2SmMeyE2BFOYtoUzPNaSeRFIuA03Ywupr47UcqFYujez1OqCfwIGIhI1gbybcPGn7WkwLd3uQPBTFhnvt21ak5BdAicWekCjM0fPur149JKmikCcdKdV0n0V6GpWaE07zSSxVNMBnhAe0aGmFBlZcV5+fo2Ch9FMbSvEijQv2dyLBQaiwCMymwHqp5byL+53VTHV54GYuSVNOITBeFKUc6RpMuUJ9JSjQfG4KJZOZWRIZYYqJNYxVTgjv/5UXSOq25Ts29O6vWL2d1lOEQjuAEXDiHOlxDA5pAIINneIU368l6sd6tj+loyZpl9uEPrM8f4fKVaA==</latexit><latexit sha1_base64="/2AxXDeAIWCC3lJQlNlwCAgRItg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi5cFNy4EKlgH9DGMJlO2qEzSZiZCCUE/BU3LhRx63e482+cpl1o64GBwzn3cO+cIOFMacf5tkpLyyura+X1ysbm1vaOvbvXUnEqCW2SmMeyE2BFOYtoUzPNaSeRFIuA03Ywupr47UcqFYujez1OqCfwIGIhI1gbybcPGn7WkwLd3uQPBTFhnvt21ak5BdAicWekCjM0fPur149JKmikCcdKdV0n0V6GpWaE07zSSxVNMBnhAe0aGmFBlZcV5+fo2Ch9FMbSvEijQv2dyLBQaiwCMymwHqp5byL+53VTHV54GYuSVNOITBeFKUc6RpMuUJ9JSjQfG4KJZOZWRIZYYqJNYxVTgjv/5UXSOq25Ts29O6vWL2d1lOEQjuAEXDiHOlxDA5pAIINneIU368l6sd6tj+loyZpl9uEPrM8f4fKVaA==</latexit>

P pseudo
NL

<latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit><latexit sha1_base64="Cjql57tYbX25JzAOgGso5jjfIMc=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQi6cFFw40Kkgr1AG8NkMmmHzmTCzEQoIRtfxY0LRdz6GO58G6dpFtr6w8DHf87hzPmDhFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkCKMxqStqWakl0iCeMBINxhfTevdRyIVFfG9niTE42gY04hipI3l2wctPxtIDm9v8ocCEkXSUOS+XXcaTiG4CG4JdVCq5dtfg1DglJNYY4aU6rtOor0MSU0xI3ltkCqSIDxGQ9I3GCNOlJcVB+Tw2DghjIQ0L9awcH9PZIgrNeGB6eRIj9R8bWr+V+unOrrwMhonqSYxni2KUga1gNM0YEglwZpNDCAsqfkrxCMkEdYms5oJwZ0/eRE6pw3Xabh3Z/XmZRlHFRyCI3ACXHAOmuAatEAbYJCDZ/AK3qwn68V6tz5mrRWrnNkHf2R9/gCinJZo</latexit>



Halo Model Reactions

ΛCDM cosmology with ICs adjusted to match real beyond-ΛCDM cosmology 
Plin(k,z0)

2) Reaction

3) Power spectrum

large scales:

small scales:

1) Pseudo cosmology

R ⇡ P real
1h (k, z)

P pseudo
1h (k, z)

<latexit sha1_base64="MPidXkqrhvN7bmWv7EizDTsbXqY="></latexit><latexit sha1_base64="MPidXkqrhvN7bmWv7EizDTsbXqY="></latexit><latexit sha1_base64="MPidXkqrhvN7bmWv7EizDTsbXqY="></latexit><latexit sha1_base64="MPidXkqrhvN7bmWv7EizDTsbXqY="></latexit>

R = 1
<latexit sha1_base64="O8CVqGCW+kScWy76d/Q65/84Lbs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7EYouHFZxT6gHcudNG1DM5khyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tyglhwbVz321lZXVvf2CxsFbd3dvf2SweHTR0lirIGjUSk2gFqJrhkDcONYO1YMQwDwVrB+DrzW49MaR7JezOJmR/iUPIBp2is9NAN0YwoivRuSq68XqnsVtwZyDLxclKGHPVe6avbj2gSMmmoQK07nhsbP0VlOBVsWuwmmsVIxzhkHUslhkz76Sz1lJxapU8GkbJPGjJTf2+kGGo9CQM7maXUi14m/ud1EjOo+imXcWKYpPNDg0QQE5GsAtLnilEjJpYgVdxmJXSECqmxRRVtCd7il5dJ87ziuRXv9qJcq+Z1FOAYTuAMPLiEGtxAHRpAQcEzvMKb8+S8OO/Ox3x0xcl3juAPnM8f21OSCg==</latexit><latexit sha1_base64="O8CVqGCW+kScWy76d/Q65/84Lbs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7EYouHFZxT6gHcudNG1DM5khyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tyglhwbVz321lZXVvf2CxsFbd3dvf2SweHTR0lirIGjUSk2gFqJrhkDcONYO1YMQwDwVrB+DrzW49MaR7JezOJmR/iUPIBp2is9NAN0YwoivRuSq68XqnsVtwZyDLxclKGHPVe6avbj2gSMmmoQK07nhsbP0VlOBVsWuwmmsVIxzhkHUslhkz76Sz1lJxapU8GkbJPGjJTf2+kGGo9CQM7maXUi14m/ud1EjOo+imXcWKYpPNDg0QQE5GsAtLnilEjJpYgVdxmJXSECqmxRRVtCd7il5dJ87ziuRXv9qJcq+Z1FOAYTuAMPLiEGtxAHRpAQcEzvMKb8+S8OO/Ox3x0xcl3juAPnM8f21OSCg==</latexit><latexit sha1_base64="O8CVqGCW+kScWy76d/Q65/84Lbs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7EYouHFZxT6gHcudNG1DM5khyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tyglhwbVz321lZXVvf2CxsFbd3dvf2SweHTR0lirIGjUSk2gFqJrhkDcONYO1YMQwDwVrB+DrzW49MaR7JezOJmR/iUPIBp2is9NAN0YwoivRuSq68XqnsVtwZyDLxclKGHPVe6avbj2gSMmmoQK07nhsbP0VlOBVsWuwmmsVIxzhkHUslhkz76Sz1lJxapU8GkbJPGjJTf2+kGGo9CQM7maXUi14m/ud1EjOo+imXcWKYpPNDg0QQE5GsAtLnilEjJpYgVdxmJXSECqmxRRVtCd7il5dJ87ziuRXv9qJcq+Z1FOAYTuAMPLiEGtxAHRpAQcEzvMKb8+S8OO/Ox3x0xcl3juAPnM8f21OSCg==</latexit><latexit sha1_base64="O8CVqGCW+kScWy76d/Q65/84Lbs=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7EYouHFZxT6gHcudNG1DM5khyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tyglhwbVz321lZXVvf2CxsFbd3dvf2SweHTR0lirIGjUSk2gFqJrhkDcONYO1YMQwDwVrB+DrzW49MaR7JezOJmR/iUPIBp2is9NAN0YwoivRuSq68XqnsVtwZyDLxclKGHPVe6avbj2gSMmmoQK07nhsbP0VlOBVsWuwmmsVIxzhkHUslhkz76Sz1lJxapU8GkbJPGjJTf2+kGGo9CQM7maXUi14m/ud1EjOo+imXcWKYpPNDg0QQE5GsAtLnilEjJpYgVdxmJXSECqmxRRVtCd7il5dJ87ziuRXv9qJcq+Z1FOAYTuAMPLiEGtxAHRpAQcEzvMKb8+S8OO/Ox3x0xcl3juAPnM8f21OSCg==</latexit>

R(k, z) ⌘ P real
NL (k, z)

P pseudo
NL (k, z)

=
P real
2h (k, z) + P real

1h (k, z)

P pseudo
2h (k, z) + P pseudo

1h (k, z)
<latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit><latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit><latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit><latexit sha1_base64="Nn7U+2G33vhjncBQq8DopA5L1j4="></latexit>

P real
NL (k, z) = R(k, z)⇥ P pseudo

NL (k, z)
<latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit><latexit sha1_base64="W1ypg4P+bu2kZFif+Ilts34ywkU="></latexit>

intermediate scales: SPT + nreal
vir /n

pseudo
vir

<latexit sha1_base64="w/uncDqRCid2nHzLJKgtsVVwsW0=">AAACKHicbZDLSgMxFIYz3q23qks3wSIISp0Rwe4suHFZ0dpCp5ZMetoGM5khOVMswzyOG1/FjYgibn0S08tCW38IfPznnCTnD2IpDLrulzM3v7C4tLyymltb39jcym/v3Jko0RyqPJKRrgfMgBQKqihQQj3WwMJAQi14uBzWa33QRkTqFgcxNEPWVaIjOENrtfIXPsIjpjeV24z6x/SIqlbq65D2hc7uR2Rvk9nJjB0bSNpR1soX3KI7Ep0FbwIFMlGllX/z2xFPQlDIJTOm4bkxNlOmUXAJWc5PDMSMP7AuNCwqFoJppqNFM3pgnTbtRNoehXTk/p5IWWjMIAxsZ8iwZ6ZrQ/O/WiPBTqmZChUnCIqPH+okkmJEh6nRttDAUQ4sMK6F/SvlPaYZR5ttzobgTa88C3enRc8tetdnhXJpEscK2SP75JB45JyUyRWpkCrh5Im8kHfy4Tw7r86n8zVunXMmM7vkj5zvH4NQpuE=</latexit><latexit sha1_base64="w/uncDqRCid2nHzLJKgtsVVwsW0=">AAACKHicbZDLSgMxFIYz3q23qks3wSIISp0Rwe4suHFZ0dpCp5ZMetoGM5khOVMswzyOG1/FjYgibn0S08tCW38IfPznnCTnD2IpDLrulzM3v7C4tLyymltb39jcym/v3Jko0RyqPJKRrgfMgBQKqihQQj3WwMJAQi14uBzWa33QRkTqFgcxNEPWVaIjOENrtfIXPsIjpjeV24z6x/SIqlbq65D2hc7uR2Rvk9nJjB0bSNpR1soX3KI7Ep0FbwIFMlGllX/z2xFPQlDIJTOm4bkxNlOmUXAJWc5PDMSMP7AuNCwqFoJppqNFM3pgnTbtRNoehXTk/p5IWWjMIAxsZ8iwZ6ZrQ/O/WiPBTqmZChUnCIqPH+okkmJEh6nRttDAUQ4sMK6F/SvlPaYZR5ttzobgTa88C3enRc8tetdnhXJpEscK2SP75JB45JyUyRWpkCrh5Im8kHfy4Tw7r86n8zVunXMmM7vkj5zvH4NQpuE=</latexit><latexit sha1_base64="w/uncDqRCid2nHzLJKgtsVVwsW0=">AAACKHicbZDLSgMxFIYz3q23qks3wSIISp0Rwe4suHFZ0dpCp5ZMetoGM5khOVMswzyOG1/FjYgibn0S08tCW38IfPznnCTnD2IpDLrulzM3v7C4tLyymltb39jcym/v3Jko0RyqPJKRrgfMgBQKqihQQj3WwMJAQi14uBzWa33QRkTqFgcxNEPWVaIjOENrtfIXPsIjpjeV24z6x/SIqlbq65D2hc7uR2Rvk9nJjB0bSNpR1soX3KI7Ep0FbwIFMlGllX/z2xFPQlDIJTOm4bkxNlOmUXAJWc5PDMSMP7AuNCwqFoJppqNFM3pgnTbtRNoehXTk/p5IWWjMIAxsZ8iwZ6ZrQ/O/WiPBTqmZChUnCIqPH+okkmJEh6nRttDAUQ4sMK6F/SvlPaYZR5ttzobgTa88C3enRc8tetdnhXJpEscK2SP75JB45JyUyRWpkCrh5Im8kHfy4Tw7r86n8zVunXMmM7vkj5zvH4NQpuE=</latexit><latexit sha1_base64="w/uncDqRCid2nHzLJKgtsVVwsW0=">AAACKHicbZDLSgMxFIYz3q23qks3wSIISp0Rwe4suHFZ0dpCp5ZMetoGM5khOVMswzyOG1/FjYgibn0S08tCW38IfPznnCTnD2IpDLrulzM3v7C4tLyymltb39jcym/v3Jko0RyqPJKRrgfMgBQKqihQQj3WwMJAQi14uBzWa33QRkTqFgcxNEPWVaIjOENrtfIXPsIjpjeV24z6x/SIqlbq65D2hc7uR2Rvk9nJjB0bSNpR1soX3KI7Ep0FbwIFMlGllX/z2xFPQlDIJTOm4bkxNlOmUXAJWc5PDMSMP7AuNCwqFoJppqNFM3pgnTbtRNoehXTk/p5IWWjMIAxsZ8iwZ6ZrQ/O/WiPBTqmZChUnCIqPH+okkmJEh6nRttDAUQ4sMK6F/SvlPaYZR5ttzobgTa88C3enRc8tetdnhXJpEscK2SP75JB45JyUyRWpkCrh5Im8kHfy4Tw7r86n8zVunXMmM7vkj5zvH4NQpuE=</latexit>



f(R) Gravity

Cataneo+ 2018a in prep.
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Cataneo+ 2018a in prep.

� � � � ���
���

���
����
�����
�������

��������
������������

�������������
������������������
������������������������������

����������������������������������������������������������������
����������������������������������������������������������������������������������������������

��������������������������������
�������������������������
����������������������������
����������������������������
�����������
������������
�������������������
�������������������
����
�����������������������
����

△ △ △ △ △△△△△△△△△△△
△△△△△△△△△△△

△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

� Sim z=0
△ Sim z=1

ℛ⨯PPseudoSim z=0
ℛ⨯PPseudoSim z=1
linear

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Δ
P/
P G

R

F5

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]

Δ
[%

]

�
� � � ��������

�������
����������

��������������
������������������������

����������������������������������
�����������������������������������

��������������������������������������
�����������������������������������������
�����������������������������������������
����������������������
������������������������
���������������������������
������������������������������
������������������������������������
��������������
������������������������
������������������������
�����������������

△
△ △ △ △△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△

� Sim z=0
△ Sim z=1

ℛ⨯PPseudoSim z=0
ℛ⨯PPseudoSim z=1
linear

0.00

0.02

0.04

0.06

0.08

Δ
P/
P G

R

F6

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]
Δ
[%

]



nDGP

� � � � �������
�����

������
��
�����
������
���������������

������������������
�����������������������������������

����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

△ △ △ △ △△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

� Sim z=0
△ Sim z=1

ℛ⨯PPseudoSim z=0
ℛ⨯PPseudoSim z=1
linear

0.0

0.1

0.2

0.3

0.4

0.5

Δ
P/
P G

R

nDGPm

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]

Δ
[%

]

Cataneo+ 2018a in prep.



nDGP

� � � � �������
�����

������
��
�����
������
���������������

������������������
�����������������������������������

����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

△ △ △ △ △△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

� Sim z=0
△ Sim z=1

ℛ⨯PPseudoSim z=0
ℛ⨯PPseudoSim z=1
linear

0.0

0.1

0.2

0.3

0.4

0.5

Δ
P/
P G

R

nDGPm

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]

Δ
[%

]

�
� � � ���������

���
������

��
�����
�������
��������������������������

�����������������������������������������������������������������������������
�
��������������������������������������������������������������������������������������������������������������������������

���
������������������
�����
�����
�����
�����������
���������
��
������������������
�
������
���������������������������������������
���
�
�����
�
���������
�����������������
��
������
������
�
�������
�������
������������������������

△
△ △ △ △△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△
△△△△△△△△△△△△△
△△△△△△
△△△△△△
△
△
△△△△△△△△△△△△△△△△△△△
△
△△△△
△△△△△△△△△△△△
△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△
△△
△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△

� Sim z=0
△ Sim z=1

ℛ⨯PPseudoSim z=0
ℛ⨯PPseudoSim z=1
linear

0.00

0.05

0.10

0.15

Δ
P/
P G

R
nDGPw

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]

Δ
[%

]

Cataneo+ 2018a in prep.



Evolving DE

����������
��������������������

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��������
�����
������
������
�������
��������
����������
������������
���������������
�������������������
�������������������������
�������������������������������
��������������������������������������
���

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△
△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△
△△△△△△△△△△△
△△△△△△△△△△△
△△△△△△△△△△△△
△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△

� Emu z=0
△ Emu z=1

ℛ⨯PPseudoEmu z=0
ℛ⨯PPseudoEmu z=1
linear

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

Δ
P/
P Λ

CD
M

DE1

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]

P D
E1HM
/P
DE
1

Em
u -
1
[%

]

(w0=-0.7)

Cataneo+ 2018a in prep.



Evolving DE

(w0=-1 wa=0.5)

����������
��������������������

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��������
�����
������
������
�������
��������
����������
������������
���������������
�������������������
�������������������������
�������������������������������
��������������������������������������
���

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△
△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△
△△△△△△△△△△△
△△△△△△△△△△△
△△△△△△△△△△△△
△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△

� Emu z=0
△ Emu z=1

ℛ⨯PPseudoEmu z=0
ℛ⨯PPseudoEmu z=1
linear

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

Δ
P/
P Λ

CD
M

DE1

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]

P D
E1HM
/P
DE
1

Em
u -
1
[%

]

����������
���������������������

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��������
�����
������
�������
��������
����������
������������
����������������
���������������������
����������������������������
�������������������������������������
����������������������������������

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△
△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

△△△△△△△△△
△△△△△△△△△
△△△△△△△△△△
△△△△△△△△△△
△△△△△△△△△△△△
△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△△
△△△△△△△△△△△△△△△△△△△△△△△△△△△△△

� Emu z=0
△ Emu z=1

ℛ⨯PPseudoEmu z=0
ℛ⨯PPseudoEmu z=1
linear

-0.20

-0.15

-0.10

-0.05

0.00

Δ
P/
P Λ

CD
M

DE3

0.01 0.05 0.10 0.50 1 5 10
-4
-2
0
2
4

k [h/Mpc]
P D

E3HM
/P
DE
3

Em
u -
1
[%

]

(w0=-0.7)

Cataneo+ 2018a in prep.
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Summary & Outlook

• Include baryonic physics

• Build pseudo cosmology emulator

• Improve highly non-linear regime (1 < k Mpc/h < 10)

Fast 
Versatile 
Accurate

• Halo model reactions are:

(runtime ∼seconds) 
(ΛCDM extensions) 
(≲1% for k < 1 h/Mpc)

• Explore degeneracies in physics beyond vanilla ΛCDM

• Extend to Horndeski theory


